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Animals are often in discrete behavioral states, but it is unclear how one specific state is generated
and opposes alternative states. Flavell et al. now identify molecular and neural components in
C. elegans that are involved in the generation of dwelling and roaming states.Animals transition between behavioral
states such as sleep and wakefulness,
hunger and satiety, or aggression and
tranquility. These states share several
characteristics: they often oppose each
other, they are stable for prolonged pe-
riods of time, and the transition between
states is very rapid in comparison to the
duration of each state. One of the central
questions in neuroscience is how the
entry, maintenance, and exit of behavioral
states are regulated. In this issue of Cell,
Flavell et al. (2013) dissect the genetic
and cellular underpinnings of behavioral
states in C. elegans.
Similar to the human behavioral states
eloquently described by Nick Cave
(‘‘When I get home, I’m gonna eat me
some food, but right now I’m a-roaming’’),
C. elegans worms alternate between
times of local movement (dwelling) and
active migration (roaming) (Fujiwara
et al., 2002; Ben Arous et al., 2009).
They roam by quickly moving forward
across a lawn of bacteria or dwell by
turning and reorienting frequently in a
small area (Figure 1). The better the food
source, the more time an animal will
spend dwelling. The transitions between
dwelling and roaming states resemble
the exploitation-exploration cycles found
in most foraging animals.
Previous studies have identified neuro-
transmitters and neuropeptides that influ-
ence locomotive behavior in C. elegans.
For example, serotonin and dopamine
promote slow locomotion in the presence
of food (Sawin et al., 2000), and pigment
dispersing factor (PDF) signaling pro-
motes locomotion during exploratory
behavior (Janssen et al., 2008; Barrios
et al., 2012). Flavell et al. (2013) nowextend these studies by focusing on the
dwelling-roaming cycles and address
how long-lasting and opposing behaviors
can be initiated and maintained. They use
an elegant combination of genetic and
optical approaches to test the roles of se-
rotonin and PDF signaling in roaming and
dwelling behaviors (Figure 1A). First, they
identify mutants that decrease roaming
(PDF signaling mutants) or reduce dwell-
ing (serotonin signaling mutants) and
identify neurons that produce or detect
these signals to generate the two locomo-
tor patterns. These genetic studies iden-
tify about a dozen neurons that participate
in the initiation and maintenance of dwell-
ing and roaming states. Second, they use
optogenetic approaches to investigate
how the activity patterns in these neurons
lead to roaming or dwelling. They find that
the activity in a subset of serotonin neu-
rons correlates with and elicits dwelling-
like locomotion, whereas activation of
neurons expressing the PDF receptor trig-
gers roaming-like states. Interestingly, the
short-term activation of some of these
neurons can lead to the long-term persis-
tence of roaming or dwelling. Taken
together, these experiments suggest a
simple model: serotonin signaling and
its associated circuitry lead to dwelling
states, whereas PDF signaling generates
roaming states (Figure 1A). More gener-
ally, Flavell et al. (2013) demonstrate that
entry into long-lasting behavioral states
can be triggered by activation of distinct
signaling pathways and neurons.
Despite this apparently simple con-
clusion, this study and previous reports
reveal highly complex relationships
between neuromodulators, neural cir-
cuits, and behavioral states. First, thereCell 15is no simple partitioning of neurons ac-
cording to the molecular nature of neuro-
modulators—each signal acts at many
levels in the circuit, including sensory neu-
rons, interneurons, and motor neurons
(Figure 1B). Second, the flow of signal
transduction through the nervous system
is not absolutely congruent with the map
of synaptic connections (the connec-
tome). The connectome cannot inform
which circuits are active at a given time
and does not fully predict which neurons
might respond to a particular neuromodu-
lator. This lack of overlap might be partic-
ularly acute for neuropeptides, whose
long-range diffusion allows them to act
on neurons that do not make direct syn-
aptic connections with the neurons that
synthesize the signal (Mu¨ller and Schier,
2011). Third, there are no neurons and
signals that are solely dedicated to a spe-
cific state; each neuron and each signal
involved in roaming or dwelling has roles
in other behaviors. The multifunctional
and dynamic roles of both individual neu-
romodulators and individual neurons
pose a major challenge to reductionist
approaches in dissecting behavioral
states—interference with a single recep-
tor or neuron has cascading effects,
complicating the interpretation of behav-
ioral data.
The study of Flavell et al. (2013) raises
four important questions. First, it remains
unclear how dwelling-roaming transi-
tions are triggered by internal drives and
external cues. Although it is now clear
that the activation of serotonin neurons
can trigger entry into a dwelling-like state,
it is unclear how this activation is evoked
during normal behavior. The influence of
external signals such as food availability4, August 29, 2013 ª2013 Elsevier Inc. 955
Figure 1. Serotonin and PDF Signaling
Generate Behavioral States in C. elegans
(A) C. elegans worms cycle between roaming
and dwelling states. Serotonin signaling promotes
dwelling,whereasPDFsignalingpromotes roaming.
(B) Schematic circuit diagram shows that some
neurons (orange) are directly inhibited by seroto-
nin, whereas other neurons (yellow) are directly
activated by PDF. The two signals converge on
some neurons (red) to exert opposing effects.has to be mediated at least in part by sen-
sory input, but it remains mysterious how
potential internal changes trigger appar-
ently spontaneous state transitions. Why
does theworm suddenly ‘‘decide’’ to tran-
sition from roaming to dwelling? Second,
roaming and dwelling are opposing
states, but it remains unclear how PDF
and serotonin are involved in cross-inhibi-
tion. The two signaling pathways might
counteract each other by converging on
shared neurons (Figure 1B). Indeed, one
of the neurons on the roaming-dwelling
circuit receives both serotonergic and
PDF input. In addition, the activation of
neurons in the PDF circuit might indirectly
inhibit activity of the serotonin circuit and
vice versa. Strikingly, however, dwelling
and roaming states, albeit shortened,
are still observed in the absence of both
serotonin and PDF signaling. This result
suggests that there must be additional956 Cell 154, August 29, 2013 ª2013 Elseviepathways that trigger roaming-dwelling
transitions. Third, roaming and dwelling
employ similar locomotor elements such
as turns and forward motions, but these
elements are used with different se-
quences, frequencies, and amplitudes.
This raises the question of how serotonin
and PDF circuits differentially modulate
locomotor circuits. Fourth, even the study
of the seemingly simple roaming-dwelling
behavior is complicated by the fact that,
after extensive feeding, C. elegans can
enter a third state, quiescence. This
satiety state is triggered in part by TGFb
signaling (Gallagher et al., 2013). It
remains to be determined how PDF, sero-
tonin, and TGFb signaling interact with
each other and additional pathways
(e.g., NPR-1; Choi et al., 2013) to regulate
roaming, dwelling, quiescence and other
behavioral states.
The dwelling-roaming cycle has con-
ceptual parallels to sleep-wake cycles
(Saper et al., 2010). Each of these states
is stable for an extended time period,
but state transitions are very rapid. Akin
to the induction and stabilization of the
roaming state by PDF signaling, the neu-
ropeptide Hypocretin has been impli-
cated in the promotion of the wake
state. For example, inactivation of Hypo-
cretin signaling increases wake-sleep
transitions, whereas optogenetic activa-
tion of Hypocretin neurons can induce
sleep-wake transitions (Saper et al.,
2010). Thus, Hypocretin is thought to
induce and sustain the wake state, sup-
press REM sleep, and regulate a flip-flop
switch that, through reciprocal inhibition,
sharpens sleep-wake transitions and sta-
bilizes sleep and wake states. Strikingly,
patients that lack Hypocretin report hallu-
cinations as they drift off to sleep, as if
the dreams associated with REM sleep
enter the wake state. These observations
highlight the physiological importance of
sharp state transitions and raise the fasci-
nating question of how normally opposing
states can coexist in disease conditions.r Inc.The C. elegans roaming-dwelling-quies-
cence model might be a powerful system
to address this fundamental question.
More generally, the transitions between
mutually exclusive behavioral states
display interesting parallels with the
fate decisions observed in bistable
developmental systems ranging from
phage lambda reproduction (lysis versus
lysogeny) to neural development (pro-
liferation versus differentiation). Mutual
inhibition and positive feedback are two
recurring motifs in many of these sys-
tems—mutual inhibition represses and
excludes the opposing fate, whereas
positive feedback promotes and stabi-
lizes one’s own fate. It will be interesting
to determine how behavioral states,
which are more transient and reversible
than developmental fates, employ such
regulatory strategies.REFERENCES
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